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Abstract: The increase in the world’s oil demand due to the rise of the global population urges more
research into the production of sustainable vegetable oilseeds, among which palm oil is the most
suitable candidate as it is the most efficient oilseed crop in the world. In an effort to drive the oil
palm industry in the areas of food safety and security nanotechnology could offer a sustainable
alternative. However, the utilization of nanotechnology in the oil palm industry is still limited.
In this review, we aim to encourage the researchers to fully utilize nanotechnology as an alternative
solution to tackle the challenges faced by the oil palm industry. Moreover, we also aim to highlight
the opportunities for nanotechnology development in oil palm-based related research. The major
points are as follows: (1) Nanosensing enables real-time monitoring of plantation status and crop
progression, including soil, water and nutrient management, early pest/disease detection, and the
spreading of pests/diseases. The use of nanosensing conveniently extends into advanced breeding
topics, such as the development of disease-tolerant plants; (2) Nanotechnology could be the answer for
the development of integrated management of pest and disease. Active agricultural ingredients can
be entrapped or encapsulated into nanocarrier systems to improve their solubility, stability, enhance
their efficient delivery to site-specific targets, with longer shelf life, and consequently improved
efficacy; (3) Valuable nanomaterials can be isolated and generated from oil palm biomass waste.
The utilization of oil palm biomass waste could overcome the issue of the massive production of
waste in the oil palm industry and palm oil mills, where oil only accounts for 10% of the biomass,
while 90% is comprised of the generated biowastes. (4) Palm oil can be utilized as a green alternative
as a capping and stabilizing agent in the biosynthesis of metallic and non-metallic nanoparticles.
In addition, nanoemulsion formulations using palm oil in drug delivery systems offer advantages
such as low toxicity, enhance bioavailability and solubility of the drugs, apart from being inexpensive
and environmentally friendly.

Keywords: agricultural nanotechnology; oil palm; agronanoparticle; biomass; nanosensor; sustainable
agriculture

1. Introduction

Oil palm (Elaeis guineensis) is the commodity crop in some countries, especially Malaysia and
Indonesia. Indonesia, where oil palm plantations covered by 12.3 million hectares in 2017, is the world’s
major producer and exporter of palm oil [1]. The second producer, Malaysia, has some 5.85 million
hectares of planted oil palm, covering more than 60% of the agricultural land in 2018 [2]. The other
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producers include Thailand, Colombia, Nigeria, Papua New Guinea, Ecuador, and other countries,
which account for 19 million hectares or 0.36% of the world’s agricultural land in total oil palm planted
area [3]. It is worth noting that 85% of the world’s palm oil is produced by Indonesia and Malaysia [4].
On the other hand, the world’s major consumers and importers of palm oil are India, China, the
European Union (EU), the United States (USA), Pakistan, Bangladesh, Nigeria, Philippines, and other
countries [3,4].

2. Oil Palm Industry Challenges

2.1. Production and Nutritional Value of Palm Oil

Elaeis guineensis is an oil palm species that originated from the tropical rainforest of West Africa.
The palm tree is monoecious, where the male and female parts can be found on the same tree. It may
grow up to more than thirty feet and start to produce fruit bunches from three years of age after planting.
Their average productive span-life is about 25 to 30 years, where each tree can bear 8 to 12 fruit bunches
per year [5]. Due to their high yield in oil, palm oil is emerging as the most efficient vegetable oilseed
crop in the world, whereby a hectare of oil palm plantation can produce ten times more oil compared
to the other world-leading oilseed crops, including rapeseed, sunflower, and soybean [4]. The world’s
primary oilseed production in 2017 are palm oil (68 million tonnes), soybean oil (54 million tonnes),
rapeseed oil (25 million tonnes), and sunflower oil (19 million tonnes), where the one-third (34%) of
the world’s oil and fats production is contributed by palm oil [3].

Palm oil contains a balanced composition of saturated and unsaturated fatty acids with
approximately 44% of monounsaturated oleic acid, 10% of polyunsaturated linoleic acid, 40% of
saturated palmitic acid, and 5% of saturated stearic acid. It is free of cholesterol and trans-unsaturated
fatty acids. On another note, palm oil is rich in antioxidants in the form of vitamin E (tocopherols and
tocotrienols), where 60 to 100 mg of vitamin E can be found in crude or unrefined palm oil and about
half of it remains after refining. Palm oil has the richest tocotrienols content versus other oilseeds such
as soybean, sunflower, corn and olive. These tocotrienols have been found effective in lowering bad
cholesterol levels as well as protecting the brain against diseases. Palm oil is also rich in vitamin A
(carotenoids), where 100 g of crude oil contains about 50 to 70 mg of carotenoids. Vitamin A plays an
essential role in controlling the growth and functions of body tissues, stimulates the immune system,
and promotes good vision [6,7].

2.2. Current Problems Faced by the Oil Palm Industry

Pests and diseases currently pose a significant threat to oil palm cultivation. The crop yield can
decline severely when infected by pests and diseases that compete with the palm for nutrients and
damage the trees. Major pests known in oil palm plantation are defoliators, which include bagworms
(Metisa plana and Pteroma pendula), nettle and slug caterpillars (Darna spp. and Setora nitens), moth,
rhinoceros beetle, etc. [8]. In Johor Bharu, Malaysia, defoliation by bagworm and Limacodids cause
losses in the crops yield over 4 tonnes of fresh fruit bunches (FFB) per acre with 50% defoliation, at 4 to
6 months after the attack [9]. In another study conducted in Sabah, Malaysia, S. nitens was reported
to reduce the production of FFB (27 tonnes per acre) during 30 months with 60% defoliation [8].
In Indonesia, the yield loss was up to 70% in the first year after defoliation and can increase up to 90%
in the following year [10]. In an Indian survey from 1995 to 2002, Acria sp. was reported to cause a
29% yield reduction in the first year, 31% in the second year, and 21% in the next consequent year [11].
To suppress these attacks, the application of biopesticides and biological control methods are favored
by sustaining the predators and parasitoids as well as pheromone trapping [12-14].

The other problems faced by the oil palm industry is declining oil extraction rate (OER) and the
vast production of residue and waste. OER refers to the percentage weight of palm oil generated
from the known weight of FFB in the production of palm oil in palm mills. In 2017, average OER in
Malaysia declined to 19.7% compared to the previous year, with 20.2% [3]. The low quality of FFB,
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as well as climate change, might be contributors to this issue. Apart from that, the oil palm industry
and palm oil mills generate about 90% of biowaste, as oil only accounts for 10% of the biomass [15].
Improper handling of this residue and biowaste may lead to environmental and health concerns, as it
can contribute to eutrophication, pollution, and any other type of disturbances for both aquatic and
terrestrial life [16].

2.3. Basal Stem Rot/Ganoderma Disease

The major diseases that are prone to attack oil palm trees are vascular wilt, bud and spear rot,
sudden wilt, red ring disease and basal stem rot disease. Out of these diseases, the basal stem rot (BSR)
disease represents the highest threat to oil palm plantation. The BSR disease, which is also known as
Ganoderma disease, is caused by a pathogenic basidiomycete, the white-rot fungus, Ganoderma boninense
(G. boninense). High incidence of BSR can be found in Indonesia and Malaysia, whereas Africa, Papua
New Guinea, and Thailand show a low incidence of BSR [17]. A study conducted in Malaysia reported
that the oil palm planted after coconut trees in the coastal area is more susceptible to this disease. It is
reported that 50% yield losses, with 80% of the oil palm have been infected in the coastal areas [18].
While in another survey, 30% of disease incidence of oil palm was observed in both peat and inland
soil [19]. In Indonesia, a survey conducted in North Sumatra reported 40% to 50% of o0il palms were
infected after five years of replanting, where the disease may reach up 65% to 75% in the next seven
years. Meanwhile, a 35% decline in yield production was observed [20].

2.4. Ganoderma Symptoms, Mode of Infection and Epidemiology

Ganoderma disease starts with the colonization of the oil palm root by pathogenic fungi, followed
by the degradation of basal stem tissue [21]. The disease then further destroys the internal tissue and
the palm xylem, which consequently leads to the disruption of water and nutrient supply from the
root to the upper part of the plant [22]. This will cause wilting, desiccated fronds, and unopened
spears in the infected trees. At the advanced stage, the basidiocarps or fruiting bodies in the form of a
conch shape will develop on the trunk of the palm. At this stage, the fungal infections are already
significantly spread throughout the palm, normally resulting in plant death [23]. The fruiting body
is then capable of releasing spores and spreading onto the soil or to other palms. Hence, Ganoderma
shortens the productive life of oil palms and causes significant yield losses to the oil palm industry [24].
In Malaysia, the estimated yield loss due to this disease can reach up to USD500 million, with an
average mortality rate of 3.7% [25]. Thus, more research on the early detection and treatment of this
disease is urgent.

The pathogen can be spread through the root infection and basidiospores [23,26,27]. A healthy
palm can be infected by root contact with a soil inoculum or other infected palm roots. Thus, it is crucial
to eradicate the fungal inoculum in the soil as well as eliminate the infected palm as soon as the disease
symptoms got worse. It is reported that 14,000 spores/min can be spread from 10 cm? of the fruiting
body [28]. A study was conducted with a 17 years old palm in North Sumatra, Indonesia. Apart from
that, another study showed that the disease could be infected through the wounded surfaces of the
palm fronds via spores contact [18].

2.5. The Current Approach in Ganoderma Disease Management

Several attempts at the management of Ganoderma disease were conducted, where the infected
palm, trunk, and bole, as well as soil contaminated with the Ganoderma inoculum, need to be eliminated
to prevent the spread of the disease. Hence, common cultural practices implemented are [29-31]:

e  Soil mounding - soil is heaped at the infected palm trunk at 75 cm height to prevent the weakened
bole from being collapsed by the wind [32,33].

e  (lean clearing — the remaining fragments within the infected palm area were removed by digging
a pit with 1.5 m? and 60 cm depth [34].
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e  Sanitation — infected palm and stump were excavated by digging out a large hole 2m X 2m x 1
m) and then shredded it into smaller pieces [17].

e Digging trenches - the infected palm or stump was isolated by a digging trench with a dimension of
2m x 2marea (0.5 m wide and 1 m depth) to avoid the contact of infected-root and healthy-root [35].

Fungicides remain crucial for the control of pathogenic fungal infections in the field [36,37].
Several fungicides have shown inhibition of G. boninense growth (in vitro) with low ECsg values,
including hexaconazole (ECs of 0.026 pg/mL), azoxystrobin (ECsy of 0.53 ug/mL), carbendazim (ECsg
of 0.026 pug/mL), and pyraclostrobin (ECs of 0.25 pg/mL) [38—40]. In addition, the trunk injection
technique was employed in the field studies by applying systemic fungicides, including triademenol,
bromuconazole, hexaconazole, and tetraconazole, using a pressure injector [39,41,42]. The findings
of the studies show promising results by halting the disease progression in infected palms, hence,
prolonging the productive life of the palms. It was reported that 74.4% of the palms treated with
hexaconazole remained alive and produced fruit bunches for up to five more years while none of the
untreated palms survived [43,44]. Moreover, dazomet was used as a preventive control by eradicating
the Ganoderma inoculum in the infected palm stump, therefore, minimizing the spread of Ganoderma
disease within oil palm plantations [45].

Apart from that, biological control offers green alternatives in controlling the Ganoderma disease
using bacteria or fungi as biocontrol agents. Endophytic bacteria like Bacillus spp., Serratia spp.,
Burkholderia spp., and Pseudomonas spp. have shown antimicrobial activity on G. boninense by inducing
the plants’ systemic resistance against the disease attack [46—49]. Similarly, the antagonistic activity
of saprophytic fungi such as Aspergillus spp., Trichoderma spp., and Penicillium spp. on G. boninense
has been reported [50,51]. Supplementation of micronutrients such as calcium, copper, manganese,
silicon, and boron also has been employed in an effort to enhance the host resistance against pathogen
attack [52-55].

2.6. Oil Palm Industry Value Chain

The oil palm industry value chain and research and development (R&D) of oil palm cultivation
can be divided into three segments; upstream, midstream, and downstream (Figure 1) [3].

Industrial

R&D
value

Upstream cultivation, and mechanisation,

“Planting, " Biology, biotechnology, |
harvestation Integration, and extension

~ Oilpaim . Refining, Engineering, processing, ‘
Industry.VaIue Midsteam processing biomass, and bioenergy |
Chain \ | .
End-product, |
DT brands, and Nutrition, food,and
industrial olechemical |
derivatives \

Figure 1. Industrial value chain in oil palm cultivation.

The upstream value chain comprises the planting and cultivation of oil palm, as well as the
production of fresh fruit bunches (FFB), crude palm oil (CPO), and crude palm kernel oil (CPKO).
The R&D in the upstream value section is focused on improving the crop yield and controlling pests
and diseases in oil palm plantations. It is largely conducted via the integrated management of pests and
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diseases (mainly basal stem rot disease), mechanization and cropping intensification, biotechnology,
advanced breeding, and good agricultural practices facilitate in improving the quality and quantity of
the crop yields.

The midstream value chain comprises refining, processing, by-products valorization, and biogas
production. Much waste is produced in the oil palm industry and palm oil mills, which ranges from
oil palm empty fruit bunches (OPEFB), oil palm frond (OPF), oil palm shells (OPS), oil palm mesocarp
fiber (OPMEF), oil palm trunk (OPT), palm oil fuel ash (POFA), and palm oil mill effluent (POME).
Interestingly, this waste can be utilized as sustainable and renewable biomass resources and can be
used in biocomposites, paper production, construction board filler, power generation, soil wood, etc.

The downstream value chain comprises the manufacturing end-products of palm oil matrices,
palm oil derivatives, and oleochemicals. The yield of palm oil matrices can be divided into two, i.e.,
crude palm oil (CPO) derived from the fibrous mesocarp of FFB and crude palm kernel oil (CPKO)
derived from the palm kernel (the seed enclosed in a shell of the endocarp). The end-products of CPO
and CPKO are mainly based on edible uses, including cooking oil, margarine, confectionery, non-dairy
creamer, shortening, etc. On the other hand, the derived palm-based oleochemicals, which include
fatty acids, fatty alcohols, fatty methyl esters, and glycerin are utilized in cosmetics and personal
care industries as raw materials for products such as balms, lipsticks, soaps, detergents, cleaning
products, and candles [2]. Besides, CPKO is used in skin-based pharmaceutical products owing to
their healing and absorptive properties of tocopherol and tocotrienol [56]. In addition, CPO has been
used in biodiesel production by transesterification of triglycerides with alcohol [57].

3. Nanotechnology Advancements in Agriculture

Science and technology at the nanoscale refer to the study, understanding and controlled
manipulation of the phenomena and structures of any materials that have at one or more dimensions on
a scale of 1 to 100 nm. Owing to their large surface-area-to-volume ratio, nanoparticles offer novel and
unique properties in both physical and chemical properties, including thermal, mechanical, biological,
catalytic activity, electrical conductivity, and optical absorption [58]. The area of nanoscience and
nanotechnology R&D in agriculture cover from uses and applications of nanoparticles, derivation,
and generation of nanomaterials from the plant, and nanosensor detection.

In crop science, nanoparticles are generally used as fertilizers, growth stimulators, photosynthesis
enhancers, and in the management of pests and diseases [59]. Nanoparticles provide tremendous
benefits in agriculture, such as increasing the quality and quantity of crop yields, increasing shelf life,
enhanced site-specific distribution, and the absorption of nutrients and active ingredients. It also has
low toxicity and helps to reduce the leakage of nutrients and active ingredients, while reducing the
environmental pollution. Nanoparticles can function by two different mechanisms, firstly as a stimulant
or protective agent, and secondly as a nanocarrier system for existing fertilizers and pesticides.

Figure 2 summarizes the two nanoparticle pathways that have been studied in different plant
types. They can be applied directly to plant seeds or through soil drenching (root uptake) or as
foliar sprays (leaf uptake). For example, zinc oxide nanoparticles have been widely used as fertilizer
to enhance the germination, seedling growth, and biochemical parameters (in cabbage, cauliflower,
tomato, etc.). In contrast, their bulk particle is proven to be phytotoxic [60]. Metal nanoparticles,
including silver, copper, platinum, gold, sulfur, etc. and chitosan have been intensively studied
in vivo and in vitro as bacterial, fungal, and disease inhibitors due to their antiviral, antibacterial,
and antifungal properties [59,61]. Silver nanoparticles have been proven to inhibit the growth of a wide
range of fungi and bacteria, i.e., Bipolaris sorokiniana [62], Magnaporthe grisea [62], Alternaria alternata [63],
Botrytis cinerea [63], etc. Apart from that, chitosan is known for its ability to control or reduce the
spread of disease in the plant by inhibiting pathogens and enhancing plant defense mechanisms [63].

The use of nanocarrier systems allows the attachment, absorption, encapsulation, and entrapment
of the agriculturally active ingredient to establish efficient nanodelivery system formulations.
These nanodelivery systems offer highly efficient controlled release properties for substances like



Agronomy 2020, 10, 356 6 of 20

fungicides, insecticides, herbicides, etc. that can then more effectively reach the target fungi, insects,
and weeds compared to their counterparts. Out of the carrier systems listed in Figure 2, polymer
derivatives, chitosan, and silica are the most commonly studied as fungicide nanocarrier systems.
In addition, the most researched insecticide nanocarrier systems are chitosan, silica, and lipids. They
improve the solubility and stability, reduce volatilization, enhance absorption and site-specific delivery,
as well as providing gradual and sustained release. In contrast, the focus of the herbicide nanocarrier
systems is to reduce their toxicity level, thus minimizing their negative impacts on the environment [59].
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Figure 2. The use of nanoparticles in crop science.

Moreover, plant-derived nanostructures and nanoparticles offer great potential in the preparation
of nanomaterials due to their green, inexpensive, eco-friendly, biocompatible, and non-toxic
characteristics [64]. Plants can offer a wide range of raw materials, including woods, leaves, roots,
stems, and fruits. Plant extracts can be used in the biosynthesis of metal and metal oxide nanoparticles
as a capping agent, reducing agent, or stabilizing agent. Various plant metabolites like amino acids,
organic acids, polyphenol, flavonoids, alkaloids, terpenoids, and polysaccharides have been reported
to play an important role in synthesizing nanoparticles [65].

Apart from that, biomass from plant sources is an excellent alternative in the production of
nanocellulose and carbon-based nanomaterials due to their abundance, renewable, inexpensive,
green, and non-toxic properties. For example, cellulose nanofibrils and cellulose nanocrystals were
successfully extracted from five different types of lignocellulosic plant biomass sources, i.e., pineapple
leaf and coir, kapok, sisal, and banana rachis [66]. Moreover, activated carbon was successfully
generated from three different types of plant biomass sources, including rice husk, coconut shell,
and pine cones using hydrothermal and carbonization treatments [67]. Similarly, graphene was
generated from camphor leaves [68], wheat straw [69], spruce bark [70], and bagasse powder [71] via
the pyrolysis method.

In addition, nanosensor in agriculture is mainly used for the detection of plant disease and pests as
well as monitoring soil conditions, water management, and plant growth hormone [72]. Nanosensors
allow real-time monitoring of plantation status and crop development factors, such as soil fertility,
moisture contents, temperature, water and nutrient intake, plant disease, and pathogens. The use of
nanosensors makes it possible to detect pathogens efficiently in crops and to measure soil conditions
(i.e., moisture, pH, nutrient, and pesticide residues). For example, a modified gold electrode with
copper nanoparticles was used in the electrochemical sensing of a pathogenic fungus (Sclerotinia
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sclerotiorum) in oilseed rape [73]. Besides, the integration of nanosensors in pesticide residue detection
offers several advantages, including high sensitivity and selectivity, fast response time, low detection
limit, and compact designs [74].

4. Recent Nanotechnology Approaches in the Oil Palm Industry
4.1. Applications of Nanotechnology in the Oil Palm Industry

4.1.1. Palm Oil Lipid-Based Nanoformulation as a Carrier System

Owing to their high content of fatty acids, CPO and CPKO offer great potential as a carrier
system of drugs or nutrients using lipid-based formulations in the form of nanoemulsions (Table 1).
Nanoemulsions are formed by the dispersion of droplets of one immiscible liquid into another
immiscible liquid. The basic mechanism can be in two conditions; either water-in-oil (W/O) or
oil-in-water (O/W). The utilization of palm oil in the drug nanocarrier and delivery system increased
drug biocompatibility, bioavailability and solubility, function as a stabilizing agent, as well as improved
drug permeability and shelf life. Besides, the palm oil lipid-based nanoformulation can overcome the
issue of high toxicity, poor bioavailability, and poor solubility of several drugs [75]. Palm oil matrices
in the form of CPO and CPKO are used as the oil phase in this formulation, and the list of drugs that
have been subjected to research is listed in Table 1.

Table 1. Applications of palm oil matrices as a lipid-based carrier system.

Precursors/ Nanoformulation Emulsion Zeta Potential and
Starting of Drug/ Size and Its o Surfactants Applications Ref.
. Stability
Materials Compound Type
- ®. .
Crude palm Toco.mtn} 173-209 nm; 27 to -30 mV; Stable up [: Tli(;l;igf Pharmaceutical and 76]
oil (CPO) genis em. O/W to 3 months at 4-8 °C o‘u R skin photoprotection
nanoemulsion vitamin E
Stable sedimentation
CPO ester CPO-tocotrienol- rates at earth gravity of .
xanthan gum O/wW 5.2,3.0and 2.6 Cosmeceuticals (771
mm/month
CPO olein . 21 nm; Carbopol Anti-inflammatory
ester CPO-ibuprofen O/W ) 940 and analgesic effect (78]
Crude palm . . o,
kernel oil Cpfn?:?gjrﬁg?elfld 16;/%[(/)8 m; -14 to 42 mV Tween 80 ﬁjzxﬂlazsz?ercyt [79]
(CPKO) ester & P &
. —23to-34 mV; stable up .
CPO CP(;—?C}I;I;E‘Snan— 263;%53)11111’ to 2 months at 4 °C and Tween 80 OV; ZIS;C:;CH [80]
2 weeks at 25 °C.
. I 20-500 nm;  Stable up to 1 month at . L
CPO olein CPO-vitamin E O/S/W 4,25 and 40 °C Brij 30 Anti-aging agent [81]
230 nm; Anti-inflammatory
CPO ester CPO-ketoprofen W/O - Tween 80 and analgesic effect [82]
90-110 nm: -30 to —40 mV; stable up
CPKO ester CPKO-docetaxel ’ to 3 months at 5, 28 and Tween 80 Lung cancer treatment  [83]
O/W o
45+1°C
. 275 nm; -36 mV; stable up to 1 Anti-inflammatory )
CPO CPO-curcumin O/W month at 25 °C Tween 80 and anti-cancer [84]
CPO-lecithin- . -31 mV; stable up to 6 Cremaphor . -
CPO levodopa 110 nm; O/O months at 4 °C EL Parkinson treatment  [85]
CPKO-lecithin- 62 nm; —-32 mV; stable up to 9 Schizophrenia
CPKO ester glycerol-aripiprazole O/0 months at + 5 °C Tween 80 treatment [86]
CPO-safflower 95 nm:
CPO ester seed 0/0 ! -37 mV Tween 80 Meningitis treatment  [87]
oil-chloramphenicol
CPKO-diclofenac 6 nm; Anti-inflammatory
CPKO ester acid O/W B Tween 80 and analgesic effect [85]
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Tocomin®, a red virgin palm oil of ripe palm fruit, with a rich fraction of tocotrienol, is used in
nanoemulsion of genistein for enhanced dermal delivery [76]. CPO-tocotrienol nanoemulsion showed
high stability, strong dynamic rigidity, and the longest shelf life at a higher oil phase concentration [77].
The nonsteroidal anti-inflammatory drug in the form of lipid nanoemulsion offers great carrier to
enhance the absorption and permeation of ibuprofen for topical delivery [78,79]. Improved shelf
life, sustained released up to six days, and no release burst of paclitaxel was observed in palm oil
lipid nanoemulsion, suggesting high efficacy on cancer cells, compared to the commercially available
drug [77]. The stability of nanoemulsion can be analyze by observing the physical changes of the liquid
formulations including sedimentation, phase separation, creaming, coalescence or flocculation during
the tested period [76-88].

4.1.2. Oil Palm-Based Materials in the Biosynthesis of Nanoparticles

Oil palm-based material as capping, stabilizing, and reducing agent provides great potential in
green and biosynthesis of metal and metal oxide nanoparticles (Table 2). The presence of polar ester
bonds and long hydrocarbons in palm oil matrices makes them suitable candidates as stabilizers in the
formation of nanoparticles. CPO and CPKO have successfully facilitated in the biosynthesis of silver,
zinc oxide, and gold nanoparticles [§9-92]. Moreover, an OPF offers excellent potential as a precursor
in the biosynthesis of silver and gold nanoparticles due to their rich contents of catechins, flavonoids,
and polyphenols [93-96]. The suspended solid of fruit in POME, mainly composed of hemicelluloses
and lignocelluloses, were proven to help in facilitating the biosynthesis of gold nanoparticle [95].

Table 2. Oil palm-based material helps in facilitating biosynthesis of nanoparticles.

Precursors/Starting Materials Nanoparticles (NPs) Applications Ref.
CPO Ag NPs Adsorption and capping agent [92]
Palm oil mill effluent (POME) AuNPs Surfaz;;‘;{;;‘;‘g;tf and [95]
CPO ZnO nanostructures Biotemplates [91]
CPO CuO NPs Glycerolysis of palm oil [90]

Oil palm frond (OPF) Ag NPs Reducing and stabilizing agent  [93,97]
CPKO Au NPs Reducing and stabilizing agent [89]

OPF Au NPs Reducing and stabilizing agent  [94,96]

4.1.3. Other Applications

In addition, it has been reported that the integration of cerium oxide (CeO,) nanoparticles into e
palm oil ester and diesel blends could improve the performance and reduce the releases of nitrogen
oxide, carbon monoxide, hydrocarbons, and smokes emissions at 10% exhaust gas recirculation rate [98].
Moreover, due to the high content of tocotrienols in CPO, nanotocotrienols isolated from CPO have
been used in the cosmetics industry. The nanoformulations enable the efficient delivery of tocotrienols
through the skin. The formulation is also free of toxic additives, making it ideal for topical applications.
In addition, it has been stated that tocotrienol has anti-aging and lipid-lowering properties, apart from
its function as vitamin E [99].

4.2. Generation of Nanomaterials from the Oil Palm Industry

As discussed earlier, the oil palm industry generates massive amounts of biomass waste,
and improper handling of this biowaste may cause serious problems to human health and the
environment. One of the solutions is to utilize the biowaste in the production of nanocellulose,
carbon-based nanomaterials, nano-silica, and other nano-oil-based palm derivatives that can be used
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in the manufacture of biocomposites, reinforcements and board fillers for building, pollution control,
and power generation [100].

The produced oil palm biowaste mainly comes from fruit bunches, fronds, and trunks (Figure 3).
First, in the production of palm oil, only the fruit is taken, leaving the oil palm empty fruit bunches
(OPEFB) as a waste. Then, CPO is extracted by pressing the oil from the fruit mesocarp, while CPKO is
extracted from the fruit kernels. The process produces oil palm mesocarp fiber (OPMF) and an oil
palm kernel shell (OPKS). Besides, POME is a by-product or residue obtained in the production of
CPO. Meanwhile, POFA is a residue generated from the combustion of oil palm bunches and palm
kernel in palm oil mills. Apart from that, the harvesting of oil palm produced oil palm frond (OPF)
and oil palm trunk (OPT) wastes.

Mesocarp/OPMF
= Empty fruit bunches
(OPEFB)
= Kernel shell (OPKS)
= Mesocarp fibre (OPMF)
= Palm oil fuel ash (POFA)
= Palm oil mill effluent
Kernel OPKS (POME)

Figure 3. Biowastes generated by the oil palm industry.
4.2.1. Nanocellulose

Agricultural biowaste from the oil palm industry offers a great alternative in the production of
nanocellulose (NC) and cellulose nanocrystal (CNC) (Table 3). Aslisted, NC and CNC have successfully
been extracted from oil palm biomass, including OPEFB, OPKS, OPMEF, OPF, and OPT.

Table 3. Generation of nanomaterials extracted from oil palm biomass waste.

Precursors/Starting Generation of ..
Materials Nanomaterials Applications Ref.
Nanocellulose - [101-103]
Cellulose nanocrystal - [104-106]
1) Fire retardant nanofiller;
Oil palm empty fruit 2)  Fabrication on .
bunches Nano-OPEFB epoxy nanocomposite [107-110]
(OPEFB) 3) Nanocatalyst in
biodiesel production
Carbon nanotubes 1) Supercapacitor [111]

Carbon nanodots - [112]
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Table 3. Cont.
Precursors/Starting Generation of -
Materials Nanomaterials Applications Ref.
) 1) POME treatment
Activated carbon 2)  Supercapacitor [111,113]
Graphene 1)  Supercapacitor [111,114]
Graphene oxide; reduced
. - [115]
graphene oxide
Nanocellulose - [103]
1)  POME treatment
i 2 Phase change material
Oil palm kernel shell Activated carbon 3; Remeo ofgl - [113,116,117]
(OPKS)
Graphene oxide; reduced
. - [115]
graphene oxide
Carbon nanotubes - [118]
Defatted ors 1)  Filler in biocomposites [119]
nanoparticles
Nanocellulose - [103]
Oil palm mesocarp fiber Cellulose nanocrystal - [120]
(OPMF) . POME
Activated carbon 1) treatment [113]
1)  Fabrication on butyl
Nanocellulose butyrate composite [121]
Oil palm frond (OPF) Cellulose nanocrystal - [122]
Graphene oxide; reduced
. - [115]
graphene oxide
Palm oil mill effluent 1)  Supercapacitor
(POME) Carbon nanotubes percap [111]
Oil palm trunk (OPT) Nanocellulose - [103]
Cellulose nanocrystal - [123]
] 1)  Fabrication on
Nano filler polypropylene composites ~ [124,125]
Palm oil fuel ash (POFA) Nano silica . [126]
1)  Biomass mortar
Nano-POFA 2)  Reinforcement [127-129]
in concrete
Graphene - [130]
Waste cooking palm oil
Carbon nanosphere [131]
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Their amount of cellulose, holocellulose, hemicellulose, and lignin are tabulated in Table 4 [100,
132,133]. The extracted cellulose from oil palm biomass was reported to possess high specific strength,
low density, excellent thermal properties apart from biodegradable, and inexpensive. The isolated
cellulose was subjected to mechanical treatment, chemical treatment, or chemo-mechanical treatment
to form NC and CNC.

Table 4. The chemical composition in oil palm biomass.

Oil palm Waste Cellulose (%)  Holocellulose (%) Hemicellulose (%) Lignin (%)
Oil palm empty fruit g g . »
bunches (OPEFB) 43-65 68-86 17-33 13-37
Oil palm kernel shell
(OPKS) 27-35 40-47 15-19 48-55
Oil palm mesocarp fiber
(OPMF) 43-44 70-71 33-35 22-24
Oil palm fond (OPF) 40-50 80-83 34-38 20-21
Oil palm trunk (OPT) 29-37 42-45 12-17 18-23

4.2.2. Carbon-Based Nanomaterials

The incorporation of revolutionary carbon-based nanomaterials (CNMs) in various industries,
including aerospace, agriculture, drug delivery, and food call for e sustainable alternatives to carbon-rich
materials. In line with this, agricultural biomass (henceforth referred to as biowastes) offers a great
alternative, since it is cheap, renewable, and eco-friendly. Such biowastes have been commonly used
and studied as feedstocks for the preparation of CNMs [134]. Thus, in a country like Indonesia and
Malaysia, where the oil palm biomass is abundant, the oil palm biomass offers a great alternative in the
production of CNMs. As listed in Table 3, CNMs in the form of carbon nanotubes, carbon nanodots,
carbon nanospheres, activated carbon, graphene layer, graphene oxide, and reduced graphene oxide
have been successfully generated from OPEFB, OPKS, OPMF, OPE, POME, and waste cooking oil via
various types of processes, including pyrolysis, chemical vapor deposition, and carbonization.

4.2.3. Other Nanomaterials

In addition, POFA offers a great alternative in nano-silica production due to its high amount of
silica content. Nano silica has successfully isolated from POFA via sulfuric acid leaching, followed by
alkali treatment (Table 3) [89].

Natural nanofillers have been successfully extracted from OPEFB, OPKS, and POFA (Table 3).
The use of natural nanofillers as bio-filters and reinforcement materials in composites offers a wide
range of applications, including construction, pharmaceutical, and food industries, due to their
biodegradable, renewable, affordable, low density, and good specific strength [135].

4.3. Nanosensor and Detection in Oil Palm Plantation

To the best of our knowledge, nanosensors in oil palm plantations are mainly used for the detection
of G. boninense, a pathogenic fungus that leads to basal stem rot (BSR) disease. As discussed earlier,
BSR disease is the most severe threatening disease in oil palm plantation and cultivation. However,
the research work in this field is limited but blooming. Early detection is crucial, as the symptoms of
infection usually show only at the advanced stage of the disease, where there is no treatment for it [136].
Optical and electrochemical nanosensors were employed in the detection of G. boninense (Table 5).
Akanbi et al. and Fowotade et al. employed electrochemical sensing of secondary metabolites secreted
by oil palm seedlings infected by G. boninense. The sensing method was tested on 14 and 30 days of the
healthy and infected root of oil palm germinated seedlings. The results were to discriminate between
the healthy and infected root; thus, showing potential as disease screening in the field [136,137].
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Other work had also been conducted by extracting the DNA of the infected seedlings. Hushiarian
et al. reported that the detection could be performed using magnetic nanoparticles as immobilized
DNA via amide linkages [138,139]. Meanwhile, Dutse et al. worked on ruthenium complexes as redox
indicators and helped in the intercalation of DNA [140,141].

Table 5. Nanosensors used in the detection of basal stem rot/Ganoderma disease in oil palms.

Type of Analyte Modified Electrode LOD Ref.
Nanosensor
Secondary
. . AUNPs-aMWCNTs/ 9
Electrochemical meFabqhte CTSNPs-aMWCNTs/SPCE 375x 1077 M [137]
(quinoline)
Secondar Bilayer of
Electrochemical metaboli tgs [AUNPs-aMWCNTs/ 0.01657 - 0.007793 pg/mL [136]
CTSNPs-aMWCNTs]/SPCE
Electrochemical DNA AuE/PEDOT-PSS/AuNps 1.59 x 1077 M [139]
Electrochemical DNA PEDOT-PSS/AgNPs/AuE 5.00 - 6.20 x 1071 M [11441?
Optical DNA CdSe/ZnS quantum dots - [138]

The Nanostring® nCounter has been adopted as a fast and easy screening of oil palm tolerance
towards G. boninense. The tool detects the oil palm tolerant genes via genomic and transcriptomics
exploration. Previously, the identification of G. boninense oil palm tolerance was conducted via nursery
studies of artificially inoculated G. boninense to the oil palm seedling, which requires tedious work and
also time-consuming. Othman et al. reported that the tool showed potential in differentiating potential
susceptible palm from potential tolerant palm; thus, further assessment is required in order to develop
biomarkers in the breeding of G. boninense oil palm tolerant [24].

4.4. Agronanochemicals in Oil Palm Cultivation

The incorporation of agronanochemicals in oil palm plantation and cultivation is mainly based on
the management and control of BSR disease. Similar to nanosensors, the research work in this field
has just commenced and is minimal. The disease assessments were evaluated by in vitro antifungal
efficacy of agronanochemicals on G. boninense. However, no work on the in vivo evaluation using
agronanochemicals in the management of BSR disease has been reported. A fungicide nanodelivery
system employed by Mustafa et al. was made by intercalating fungicide in the zinc/aluminum
layered-double hydroxide (Zn-Al-LDH) via the ion exchange method [142,143]. The fungicides
used are hexaconazole and dazomet, which have been previously proven to be effective against
G. boninense [39,144], and resulted in H-Zn-Al-LDH and D-Zn-Al-LDH, respectively. Controlled
release properties of hexaconazole were achieved in H-Zn-Al-LDH, and the EC5; value obtained was
30.0 £ 2.9 ng/mL. On the other hand, phytotoxicity studies on H-Zn-Al-LDH and D-Zn-Al-LDH were
conducted on oil palm seedlings, and the findings showed that both were able to lower the phytotoxic
effect compared to their counterpart. Meanwhile, earlier work done by our group encapsulated the same
fungicide (hexaconazole and/or dazomet) into chitosan nanoparticles in the formation of an effective
fungicide nanodelivery system. The three formulated systems are chitosan-hexaconazole nanoparticles
(CHEN) [145], chitosan-dazomet nanoparticles (CDEN) [146], and chitosan-hexaconazole-dazomet
nanoparticles (CHDEN) [147]. The work established that the particle size in all the three systems can
be tuned by varying the concentration of the crosslinking agent of sodium tripolyphosphate (TPP).
Moreover, it has been established that smaller particle size results in a higher antifungal activity on
G. boninense. A synergistic effect of dual loaded of fungicides in CHDEN as an antifungal agent also
can be observed. The lowest EC5 value achieved for CHDEN is 3.5 + 1.0 ng/mL, while the lowest
ECsg value achieved for CHEN and CDEN are 4.6 + 1.6 and 13.7 + 1.8 ng/mL, respectively.
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In addition, biological control using Trichoderma nanoemulsion was conducted by Azhari et al.
The percentage inhibition recorded was 84.49%, however, the concentration used is not mentioned [148].
Lee et al. reported that the antifungal efficacy of phenazine nanoemulsion on G. boninense with 70.74%
percentage inhibition was achieved at 1000 pg/mL [149]. Apart from that, Shepros® introduced
a product called Ganoderma eliminator, which is based on the nano-colloidal antifungal agent. Its
ingredients include nanosilver, Nano Alpha 10, food additives, as well as plant derivatives. The product
is reported able to penetrate through unreachable areas such as fungal septa and able to inhibit the
ergosterol production in the fungal cell membrane.

5. Future Research Directions

The oil palm industry should explore and use nanotechnology for holistic management and
beneficiation of the industry, which includes down, middle and upstream industries. Real-time
monitoring by nano-sensing technology and controlled release formulation of fertilizers and fungicides
could overcome the labor shortage, increase the oil extraction rate and reduce the losses due to the
diseases and pests in oil palm cultivation. Nano-enabled agrochemicals can enhance the crop yield and
health while simultaneously lower the toxicity of agrochemicals as well as minimizing the runoff and
leaching of agrochemicals that can cause health and environmental concerns. The utilization of oil palm
biomass to generate various carbon nanomaterials and nanocellulose, especially from the downstream
oil palm industry is the way forward towards the “zero-waste” green and environmentally friendly oil
palm industry.

6. Conclusions

Nanotechnology could be the solution to the problems faced by the oil palm industry and palm oil
mills. Nanotechnology can be utilized in every aspect ranging from plantation, cultivation, production,
and waste handling. Nanosensing could revolutionize oil palm cultivation through the real-time
monitoring of the crop status, including crop health and growth, the supplementation of water and
nutrient, and the occurrences and spread of pests and diseases. The rise of BSR disease in oil palm
plantations with no available cure yet urges more research. Active pesticide agents can be loaded into
nanocarrier capsules (i.e., polymers, lipids, carbon-based materials, and metals) to give low toxicity
and effective pesticide nanodelivery systems which offer a sustainable alternative to conventional
pesticides, hence driving the safety and security of the oil palm industry. Moreover, the oil palm
biomass wastes can be exploited as sustainable and renewable resources, which can subsequently
be converted into valuable products. The increase of the world’s oil demand due to the increase in
population urges more research in improving the crop yields and oleochemicals, hence driving the
industry in the production of sustainable palm oil.
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